Ethylene is a gaseous plant hormone involved in defense, adaptations to environmental stress and fruit ripening. Its relevance to the latter makes its detection highly useful for physiologists interested in the onset of ripening. Produced as a sharp peak during the respiratory burst, ethylene is biologically active at tens of nl L À1 . Reliable quantification at such concentrations generally requires specialized instrumentation.
INTRODUCTION
Sensitive high-throughput procedures for the trace analysis of plant hormones are increasingly familiar to plant researchers in an age of multidimensional metabolome analysis (Van Meulebroek et al., 2012; Tarkowsk a et al., 2014; Cajka and Fiehn, 2016 ). Yet the detection of the gaseous phytohormone ethylene at physiological concentrations continues to present technical challenges for nonspecialists. Techniques for measuring ethylene in plants, including their corresponding costs, sensitivities and analysis times, have recently been reviewed (Cristescu et al., 2013) . Traditionally, ethylene measurement has been accomplished by gas chromatography with a flame ionization detector (GC-FID) (Bassi and Spencer, 1989; PhamTuan et al., 2000; Kume et al., 2001) , but this technique generally lacks sufficient sensitivity to detect physiological concentrations (limits of quantification, LOQ, in the hundreds of nl L À1 ), necessitating the use of traps or concentrators or isolation of plant tissue. One group of alternatives consists of electrochemical sensors which function by amperometric (Jordan et al., 1997a) , chemoresistive (Esser et al., 2012) , capacitive (Balachandran et al., 2008) or other mechanisms (Jordan et al., 1997b; Lambertus et al., 2005; Zevenbergen et al., 2011) . Electrochemical sensors offer sensitivity in the range of tens of nl L À1 but lack the robustness and reproducibility of traditional GC analysis. High-sensitivity techniques utilizing dedicated optical sensors can detect physiologically relevant levels of ethylene (Weidmann et al., 2004; Wahl et al., 2006; Xie et al., 2009; Cristescu et al., 2013) but require greater technical knowledge and highly specialized and costly analytical equipment with additional maintenance needs. The highest current sensitivity for a commercially available laser sensor has a limit of detection (LOD) of 0.3 nl L À1 and a fast response time (5 sec) (ETD-300; Sensor Sense BV, Netherlands). High-throughput, low-cost alternatives are currently lacking for non-specialists, particularly when non-invasive sampling methods are required for the study of developmental processes such as the control of fruit ripening or stress-responsive roles of ethylene under native conditions. The role of ethylene in initiating fruit ripening in certain species of plants has been known since the 1930s (Gane, 1934) , and more recent investigations have uncovered roles in plant responses to herbivore egg deposition (Schr€ oder et al., 2007) , pathogen infection (Dí az et al., 2002) , circadian rhythm (Thain et al., 2004) , oxygen deprivation (Vergara et al., 2012) and P and K availability (Borch et al., 1999; Jung et al., 2009) . The net metabolic effect of ethylene biosynthesis on plant metabolism is dependent on the context in which it is synthesized, and may have a synergistic or antagonistic effect on other phytohormone signals (Pieterse et al., 2009) . Much uncertainty regarding ethylene's mode of action remains, and its biological function in the context of other hormones remains an active area of research. However, in agriculture, it is principally recognized for its importance as a hormonal signal for certain species which utilize ethylene to initiate their fruit ripening programs, including tomato, avocado, apple and banana (Giovannoni, 2004) . Such fruits are designated as climacteric, and their ripening process is accompanied by changes in fruit aroma, sweetness, acidity and firmness (Yamaguchi et al., 1977) . On the other hand, precocious or excessive production of ethylene by fruits may lead to premature ripening, spoilage in fruit storage facilities and increased damage during transport (Fern andez-Trujillo et al., 2008) . Ethylene production has therefore long been of interest to agronomists working in post-harvest biology as well as experimental biologists studying the mechanisms that control fruit ripening.
Melon (Cucumis melo) has been proposed as an alternative model system for understanding the role of ethylene in fruit ripening (Ezura and Owino, 2008; Pech et al., 2008; Garcia-Mas et al., 2012; Vegas et al., 2013; Saladi e et al., 2015) due to the unusual instance of both climacteric and non-climacteric varieties within the same species. This allows the production of segregating populations for this trait and provides an ideal system for dissecting the genetics of climacteric ripening. Recent results suggest that fruit ripening is complex (Paul et al., 2012; Argyris et al., 2015) and that our knowledge of its regulation is still fragmented. In general, ripening in climacteric melon is accompanied by a burst of ethylene production and a rise in respiration, a breakdown in cell wall integrity that leads to softening, the biosynthesis of aromatic volatiles and fruit abscission (Pech et al., 1994; Ezura and Owino, 2008) . However, other ripening processes such as the biosynthesis of b-carotene, while characteristic of climacterics, are in fact independent of ethylene (Ayub et al., 1996) . Ripening in non-climacteric varieties such as the inodorus type, on the other hand, does not involve autocatalytic ethylene production or a rise in respiration, resulting in firmer fruit with less aroma and a lack of fruit abscission (Pratt et al., 1977) . A recent transcriptomic comparison of climacteric and non-climacteric melon varieties revealed major differences in the expression of fruit quality genes, transcription factors and genes related to sucrose catabolism (Saladi e et al., 2015) , but also identified varieties displaying intermediate fruit ripening behavior between the classical climacteric and non-climacteric categories. We have established a recombinant inbred line (RIL) population by crossing a typical climacteric variety from the cantalupensis type 'V edrantais', which features orange flesh, a sweet aroma and an abscission layer, with the non-climacteric variety 'Piel de Sapo' from the inodorus type, which has none of the above characteristics and possesses white flesh. The reproducible detection of ethylene in developing fruit of these lines is a fundamental metric for dissecting the role of this hormone in climacteric versus non-climacteric ripening programs. Without it, the measure of the climacteric phenotype by indirect traits such as fruit abscission, external color change or aroma production provides incomplete information.
In this report, we describe a gas chromatography-mass spectrometry (GC-MS)-based method which non-invasively quantifies ethylene in the headspace of attached melon fruit. This technique relies on widely available analytical equipment and features a headspace sampling method devised to measure ethylene in attached climacteric fruits with a short sampling time, in contrast to the routinely used method with detached fruits fitted in jars. We further demonstrate the broad applicability of this method to physiologists studying the role of ethylene in the ripening of other climacteric fruits such as tomato.
RESULTS AND DISCUSSION
In situ headspace collection enables non-invasive quantification of fruit volatiles Traditional methods for the measurement of ethylene in developing climacteric fruit suffer from two principal drawbacks: the need to separate the fruit from the plant for measurement, effectively terminating its development, and the non-physiological nature of the sampling times and conditions. Since ethylene production occurs as a sharp peak that may last only a few days and triggers a distinct change in fruit metabolism, monitoring changes in ethylene emission is fundamental to the task of understanding the process of fruit ripening at the molecular level. In order to track ethylene production over the ripening phase of individual melons, we have developed an assay suitable for detailed studies of the role of this hormone in fruit ripening that supports continuous, non-invasive sampling of fruit at arbitrary and repeated time points (Figure 1 ), a procedure which is not currently feasible given the sensitivity of standard ethylene quantification protocols (Cristescu et al., 2013) and the relatively low concentrations of ethylene at physiologically relevant concentrations.
Headspace collection was performed in an inflatable enclosure for 60 min (Figure 2 and Movie S1 in the Supporting Information), and ethylene can be immediately detected by GC-MS without further concentration under our analytical conditions. While ethylene production in climacteric and non-climacteric melon fruits is presented here as a proof of concept due to its significance for physiologists studying fruit ripening, this portable headspace collection method can readily be applied to the non-invasive quantification of any volatile compound emitted by ripening fruit.
Following headspace sampling, we observed no discoloration of the fruit, bruising of the pedicel or change in maturation time compared with untreated controls, or any other indication that this in situ headspace sampling technique had a significant effect on the physiology of the fruit. Fruit headspace was sampled periodically beginning 24-35 days after pollination (DAP) until harvest with no apparent effect on fruit quality or development.
Possible effects on ethylene production or fruit physiology were further investigated by measuring the transcripts for ethylene biosynthetic genes in climacteric or non-climacteric fruits used in headspace sampling and comparing them with untreated controls at harvest. As judged by quantitative real-time PCR (qPCR), 1-aminocyclopropane-1-carboxylate synthase (ACS) CmACS1, CmACS5 and oxidase (ACO) CmACO1 all demonstrated significant differences in expression level when climacteric and non-climacteric fruits were compared, as expected ( Figure S1 ). However, when the expression of these same genes was compared between sampled (bagged) fruits and untreated controls (no bag), no obvious differences were observed ( Figure S1 ). This observation was corroborated by statistical tests for significance using the resulting qPCR data. Both Tukey and t-tests showed no significant differences in the expression of ACS or ACO as a result of our sampling procedure ( Figure S2 , Table S1 ), consistent with the lack of difference in fruit coloration, pedicel bruising and maturation time between the two groups. We therefore conclude that our headspace sampling technique has at most a negligible effect on fruit physiology and ethylene production.
Using this protocol, we estimate from the time required to fit a single melon with an in situ headspace chamber, perform a 60-min incubation and sample the chamber that two people can collect approximately 84 melon headspace samples in a typical 8-h session. This places this technique in the medium-throughput range of analytical methods and permitted us, in a typical season, to survey more than 80 melon lines, assuming three independent biological samples per line, a 100% pollination and survival rate and continuous operation of a single GC-MS system. Given a total injection-to-injection time of approximately 5 min, and taking into consideration blanks and daily calibration curves, we estimate that a single GC-MS system could accommodate double this number of samples on a daily basis. Total sample throughput is currently limited by the time required for headspace collection. Shorter sampling times of 30-45 min may increase the number of daily headspace collections without saturating the capacity of a single GC-MS system, a modification which may be suitable for some applications given the exceptionally low LOQ for ethylene under our analytical conditions. However, while increasing the number of biological replicates would Figure 1 . Diagram of the sealing method used to enclose ripening melon fruit in a temporary, in situ volatile collection chamber. Sealing the fruit within the chamber requires the formation of a cylindrical union consisting of the stem, tubing used to inflate a polyamide bag and a malleable substance such as putty. This assembly is further sealed with parafilm (dotted line).
have obvious advantages for statistical analyses, the increased handling requirement would also require additional workers to be available to carry out a higher number of headspace collections with shorter sampling times. Alternatively, the headspace collection segment of this procedure may be simplified by leaving the bag, seal and inflation tubing assembly in place around the peduncle so that it can be reused without disassembly and reattachment. This alternative technique requires pre-marking the bag at discrete intervals so that it can be cut and opened following each headspace sampling and re-sealed with a known volume the next day. Optimization of this aspect of our headspace sampling technique is currently being developed.
Optimal sensitivity depends on monitoring m/z 26 and 27 fragments unique to ethylene
The detection of ethylene by GC-MS has received little experimental attention despite this technique being ostensibly more sensitive than GC-FID. This is largely due to the nominal molecular mass of ethylene coinciding with that of nitrogen gas, a highly abundant element which produces a high m/z 28 background at the comparatively low resolution of a quadrupole mass analyzer. The presence of nitrogen even at low concentrations in the analyzer (typically 1-3% of the perfluorotributylamine calibration gas) creates an unacceptably high level of background signal in a low-mass-discrimination instrument such as a quadrupole, which cannot distinguish the two based on differences in exact mass (elemental nitrogen has a monoisotopic mass of 28.0061 versus 28.0313 for ethylene). While this distinction could be made with a higher-resolution instrument such as a time-of-flight mass spectrometer, we have focused on ethylene detection using the mass spectrometer type most commonly found in plant research laboratories.
Nitrogen gas, as the major component of air, is unavoidably co-injected with the sample, representing a large potential source of background noise. We achieved reasonable chromatographic separation of nitrogen present in the sample from ethylene using an Al 2 O 3 /KCl stationary phase, but persistent background levels of nitrogen continued to limit sensitivity of ethylene when monitoring m/z 28. However, apart from its molecular ion, which forms the base peak in its electron impact spectrum, the M-1 (m/z 27) and M-2 (m/z 26) ions resulting from successive H radical losses (or, alternatively, H 2 loss) are formed at 62.3% and 52.9% relative abundance, respectively ( Figure S3 ). We exploited these mass peaks, which were absent from the nitrogen spectrum, to reduce detector background noise. Selected ion monitoring (SIM) at m/z 26-27 yielded a >100-fold improvement in the signal-to-noise ratio using a 5 p.p.m. ethylene gas standard ( Figure 3 ).
Optimizing chromatographic and injection conditions for ethylene analysis
Despite this improvement in signal-to-noise afforded by a SIM method which excluded m/z 28, a broad nitrogen gas solvent front originating from the sample was still evident which partially overlapped with the ethylene peak. The appearance of nitrogen gas in this SIM method is not unexpected given incomplete m/z discrimination in the quadrupole, especially at the high nitrogen ion concentrations in a headspace sample, leading to partial overlap of the mass traces (i.e. low levels of nitrogen gas ions with a mass of 28 Da reach the detector monitoring m/z 26-27). This issue is worsened by the large sample injection volumes generally required to detect ethylene in unconcentrated headspace samples, a practice which also compromises the chromatographic separation of nitrogen from ethylene. We found that a pulsed splitless injection significantly improved this situation, resulting in a 2.5-fold increase in ethylene peak area compared with standard splitless injections under the same conditions. This injection technique did not produce a corresponding increase in the nitrogen gas signal. Pulsed splitless injection has been used mainly in pesticide or drug analysis to mitigate matrix effects (Godula et al., 1999) and to profile impurities in illicit drug analysis (Sasaki and Makino, 2006) , but its use in volatile analysis has been limited. It has, for instance, been applied to the analysis of parmesan cheese headspace volatiles to identify individual components important for the aroma of the product (Qian and Reineccius, 2003) . The initial increase in column head pressure which occurs during pulsed splitless injection apparently favors introduction of ethylene gas onto the column. This improvement in ethylene detection may be a result of minimized sample loss through the septum purge valve which is more prominent without pulsed injection. We achieved the best separation of nitrogen and ethylene under isocratic conditions at 30°C in 1.5 min, followed by a steep gradient to 100°C to eliminate any other volatile traces present. Under these conditions, and using pulsed splitless injection, we calculated a resolution factor of 10.37 for these two gases ( Figure S4) . A solvent delay of 1.8 min was sufficient to eliminate the nitrogen gas front, which we implemented for routine analysis to reduce wear on the filament. The complete analysis time was 2.6 min. Neither injection port temperature (30-150°C) nor the use of programmable temperature vaporization (PTV) had any effect on the sensitivity toward ethylene.
Headspace collection time course using individual melons
Time course measurements were taken to establish the linear range of static ethylene accumulation in in situ headspace collection bags and to determine if this volatile collection technique had any observable effect on fruit metabolism or the kinetics of ethylene emission. Headspace incubations of 40-day-old commercial hybrid melons showed that ethylene emission could be readily quantified in as little as 15 min of static headspace collection (Figure 4) . Furthermore, ethylene emission was linear with respect to time over the 3-h time course surveyed (R 2 = 0.973 AE 0.023; n = 6), indicating not only that measurements on this time-scale were within the linear range of quantification but also that these short headspace collection assays did not affect the rate of ethylene emission by the fruit. Static headspace measurements lasting 60 min were routinely made to characterize melon RILs based on the observation that the accumulation of ethylene had no effect on emission rates from the fruit over this period of time. However, shorter sampling times could also be employed while still remaining in the quantifiable range. These ethylene emission time courses for individual melons also highlight the value of non-invasive sampling methods for studying fruit ripening. We observed a considerable range in individual emission rates from this small sample, with values in the range of 2. 
Linearity of response with different injection volumes and ethylene concentrations
One of the drawbacks of headspace analysis is the relatively low concentration of analytes in the sample, which often necessitates a concentration step. This problem is exacerbated when multiple, short-term headspace sampling experiments must be conducted in parallel in largescale experiments, as these short incubation times further reduce analyte concentration. To offset these effects, we evaluated the ability to maintain a linear detector response with increasing injection volumes using ethylene standards. We observed a broad range of linearity with volumes ranging from 50 lL to 2.0 ml (Figure 5a ) under pulsed splitless injection conditions. We chose 500 lL as the optimal injection volume, which balances linearity with sensitivity. We next evaluated the linear range of total ethylene per analysis. We observed a strongly proportional signal between 0.125 and 20 nl ethylene (Figure 5b ). However, the detector showed saturation above this amount. For particularly concentrated samples, the sample volume may be reduced, effectively extending the linear range of this analysis beyond the maximum levels of ethylene produced by ripening melon.
LOD and LOQ of ethylene in fruit headspace samples using GC-MS
The burst of ethylene synthesis and emission that characterizes climacteric ripening results in global changes in gene expression and metabolism. This volatile signal is active at concentrations as low as 0.2 nl L À1 in etiolated Arabidopsis seedlings (Binder et al., 2004) , but the minimum active concentrations in ripening fruit are not well established. Detection of ethylene at the lowest possible concentrations would offer clear advantages for studying fruit ripening. For example, the presence of ethylene in the headspace around a ripening fruit implies an equal or greater concentration in its interior. The kinetics of ethylene emission is linked to the diffusion rate from the site of biosynthesis inside the fruit to the peel, but this process has not been studied in detail. However, the sudden appearance of ethylene in the headspace around the fruit may be taken as an indication that the autocatalytic ethylene production characteristic of climacteric ripening has recently started. In addition, ethylenedependent and independent regulatory pathways co-exist in both climacteric and non-climacteric fruit (Leli evre et al., 1997). The respiratory burst is the most marked metabolic and developmental event that characterizes climacteric ripening, but in order to distinguish between ethylene-dependent and -independent signaling events, the detection of ethylene at the earliest possible stage, and hence the lowest concentration in fruit headspace, is desirable. Improvements in ethylene sensitivity are particularly relevant in light of the disappearance of the sharp distinction between climacteric and non-climacteric ripening programs. Lines once to thought to completely lack an ethylene burst may in fact exhibit a burst at trace levels with biological significance, and highly sensitive ethylene detection will assist in the characterization of such lines. Given the utility of increasing sensitivity of ethylene analysis to address these biological questions, we evaluated the sensitivity of the method described herein by calculating the LOD and LOQ as 0.41 AE 0.04 nl L À1 (n = 18) and 1.37 AE 0.13 nl L À1 , respectively (n = 18). The reproducibility of this analysis was examined by repeated sampling of reference and melon headspace samples, yielding a COV of 0.019 (n = 24). This level of sensitivity is similar to that of laser-based sensors (Cristescu et al., 2013) , which are currently the most sensitive ethylene detectors available for commercial use. The high level of reproducibility reduces the number of technical replicates necessary for accurate measurements, permitting a larger number of independent biological replicates to be analyzed in the same time frame.
Effect of storage time and temperature on ethylene recovery
One practical objective of the method described here is to maximize the number of individual fruits that can be analyzed in a single day to accommodate the high workflows typical of the pre-harvest period and increase the number of biological replicates needed to screen RIL populations. We determined that a key factor in maximizing sample throughout was to separate headspace sampling from the analysis phase so that a larger number of samples could be collected during the day, while automated analysis takes place throughout the night. Due to possible diurnal rhythms associated with ethylene emission, we restricted sample collection to a narrow period of the day, further necessitating the need to simplify sample collection during this period. Compared with hand-held sensors which measure ethylene directly in the greenhouse, we estimate that the uncoupling of these two steps results in a gain of approximately 2.5-fold in the number of samples processed. The continuous collection and analysis of headspace samples during the pre-harvest season using a single GC-MS system requires that all sample analysis be completed within 24 h of sample collection. To determine the stability of these headspace samples over this time interval and account for any potential loses during storage, we evaluated the effect of storage time and temperature on ethylene reference standards. Detectable ethylene in headspace vials decreased in a linear fashion over time and showed a strong temperature dependence ( Figure 6 ). After 24 h of storage at À20°C, the 5 p.p.m. reference samples had lost an average of 50% while samples stored at 4°C and 25°C had lost 18% and 23%, respectively. After 48 h, those losses had increased to 71%, 40% and 51% for the three sample storage temperatures. These data underscore the importance of preparing reference standards at the same time as headspace samples are collected and to store the calibration standards under identical conditions as the samples prior to analysis. The temperature dependence of ethylene recovery indicates that the best storage temperature for these headspace samples is 4°C. Samples stored at lower temperatures appear to suffer higher losses, possibly due to shrinkage of the septum seal at low temperatures.
Ethylene emission in melon RILs shows variation in both intensity and duration
We applied this method to the quantification of ethylene emissions in the developing fruit of melon RILs derived from a cross of full climacteric ('V edrantais'; Ved) and nonclimacteric ('Piel de Sapo'; PS) parental lines throughout their growing period (Figure 7a ). Headspace samples of a single melon fruit from 11 RILs were monitored beginning at 24-35 DAP and ending after the characteristic peak of ethylene, around 35-53 DAP. In most cases, we observed a single sharp ethylene peak which reached its maximum between 32 and 51 DAP. This indicated that crossing a highly climacteric line with a non-climacteric one results in transgressive segregation for this trait. We also observed considerable variation in the duration of ethylene emission in our RILs and parental lines. In order to compare ethylene production between lines, we applied the chromatographic term peak width at half height (W 1/2 ) to describe the sharpness of the measured daily ethylene output as a function of time. Line 203, which displayed the highest peak of ethylene production, had a W 1/2 of approximately 2.5 days. The W 1/2 of Ved was similar, even though it displayed less than half the maximal ethylene emission. Line 19, whose maximal ethylene emission barely exceeded 12 lL ethylene•kg À1 FW•h À1 , showed a W 1/2 of about 4 days. Other lines, such as 153, showed a gradual rise and decline spanning nearly 2 weeks. Thus, both the intensity and duration of ethylene emission can vary substantially, leading to many intermediate patterns of ethylene production starting with two parental extremes. This proof of concept study demonstrates the efficacy of this method in characterizing members of a melon RIL population derived from two parents representing two poles of the climacteric ripening spectrum. The non-invasive detection of ethylene in these fruits is a powerful tool with which to dissect the genetic factors controlling ethylene-dependent ripening processes. The values obtained for the climacteric control in this experiment (Ved) are significantly higher than those reported in Saladi e et al. (2015) , in which ethylene was measured in the headspace of detached fruit. One possible explanation is that detachment alters fruit development, resulting in an underestimation of true ethylene levels. This non-invasive method likely reflects the physiological state of ripening fruit in more realistic terms and thus provides more reliable measures of ethylene emissions. 
Ethylene headspace analysis in other climacteric fruits: tomato
We further tested the applicability of this method in other climacteric species. Tomato represents a climacteric crop of major economic importance and is the model species for climacteric ripening studies. We therefore adapted our method to measuring ethylene in the headspace around ripening tomatoes leading up to and beyond the breaker stage ( Figure S5a-c) . Fruit such as tomato, which develop on racemes, versus single pedicels as in the case of melon, present special considerations for sampling headspace as the heterogeneity in developmental states within the same raceme could potentially dilute the accuracy of such measurements. We therefore pruned racemes to a single fruit and measured individuals as they developed from green to the breaker stage and again at the red ripe stage. In addition, we assayed complete racemes with no pruning at the ripe stage to determine if any residual ethylene could be detected ( Figure S5d ). We observed that while considerable variation exists in absolute ethylene intensity among a random assortment of commercial tomato varieties all showed the expected peak of ethylene production at the breaker stage, while far less (or none) was detected by the same fruits at the immature green or red ripe stages (Figure S6 ). Trace detection of ethylene in individual green tomatoes may signify that the metabolic transition to the mature green or breaker stage has commenced before phenotypic changes are apparent, providing an independent means of detecting this transition when no visual clues are available. In contrast, residual ethylene detected in red tomatoes may indicate that the ripening process is not yet complete. Only trace levels were detected from red ripe fruit when racemes were left intact (not shown), consistent with our results using individual tomatoes, suggesting that assays on individual fruit following pruning did not alter ethylene emission in any obvious fashion. These results indicated that despite differences in plant architecture, this headspace sampling method could be applied to other climacteric species besides melon, although the implementation of cultivation methods specific to that species may be necessary to isolate individual fruits for measurement.
CONCLUSIONS
This method for ethylene analysis features several technical improvements that further improve sensitivity, putting GC-MS-based analysis on par with dedicated optical sensors. This methodology, aimed at plant scientists with access to ordinary analytical instrumentation, has been applied here to the characterization of melon RILs. While the method we describe relies on an automated headspace sampler, manual injections with a gas-tight syringe can also be performed using any single-quadrupole GC-MS system, albeit with a reduction in throughput. We find that both the amplitude and duration of the ethylene burst typical of climacteric ripening can vary considerably. This further dispels the notion of climacteric ripening as an on/off process and provides experimental support for the possibility of fine gradations in ethylene production, which ultimately depend on a combination of wide-ranging genetic factors. While we have applied this method to melon, it is equally applicable to similar studies of other climacteric fruit, including tomato, banana or apple. Such studies would also benefit from the non-invasive nature of this technique and permit the monitoring of individual fruits over the course of their ripening season. We are currently in the process of identifying new quantitative trait loci responsible for ethylene production and climacteric fruit ripening in this melon RIL population. Future work will continue to dissect the role of ethylene in directing this complex developmental process, which ultimately provides an important portion of the fresh produce in the diets of many people across the globe.
EXPERIMENTAL PROCEDURES Plant material
Melon (Cucumis melo L.) plants were cultivated under standard greenhouse conditions as described (Eduardo et al., 2005) . Ethylene analysis was performed on individual melons from a RIL population obtained from a cross between Ved, a climacteric variety from the cantalupensis group, and PS line T111, a non-climacteric variety from the inodorus type. A single flower on each plant was hand pollinated, and ethylene headspace measurements were performed periodically beginning 24-35 DAP. Commercial hybrid melons used in the headspace collection time course were obtained from Semillas Fit o, S.A. (http://www.semillasfito.com/).
Headspace sampling of attached melon fruit
The procedure for non-invasive ethylene sampling of attached melon fruits is demonstrated in Movie S1. For an ethylene headspace assay, individual developing melon fruits were placed in polyamide-polyethylene bags of 3.4 or 6.2 lL (Allfo Vakuumverpackung, http://www.allfo.de/home/). A half-meter length of 6 mm (i.d.) polyvinylchloride tubing was sealed to the pedicel using 5 g of plumber's putty (Figure 1 ). Teflon tape was applied to the point of attachment of the stem and tubing to seal the enclosed headspace (Figure 2b ), and control measurements using all of these components but lacking fruit were performed to confirm no ethylene was given off by any material used in this sampling procedure. The upper margin of the bag was sealed with a thermo-sealing iron (Shenzhen Deogra Electrical Co., http:// www.deogra.com/, model DG070) (Figure 2a ). Once the seal was created, the external end of the tubing was fitted with a two-way switch valve (Vitlab, http://www.vitlab.com/en/). A hand-held electric pump was used to inflate the bags with ambient air (Figure 2c) , and the atmosphere within the bag was maintained by closing the switch valve. After 1 h, a 60-ml gas sample was withdrawn from the bag using a plastic syringe fitted with a needle (Figure 2d ) and transferred to a 10-ml headspace sample vial by slowly flushing out the vial with several volumes of sample before sealing it. Variables such as headspace collection time, injection volume and chromatographic conditions were optimized independently to reduce analysis time, maximize daily sample throughput and maximize the repeatability of measurements. In addition, the loss of ethylene from headspace vials during storage at different temperatures (25, 4 and À20°C) for up to 48 h was determined. Following the optimization of collection, storage and analysis variables, this headspace method was then applied to the melon RIL population noted above. All collected headspace samples were analyzed within 12 h of collection, and ethylene standards of 5 and 20 p.p.m. were prepared in triplicate along with ambient air controls for each day the melon headspace samples were collected. Standards, blanks and samples were transported directly from the greenhouse to the laboratory for analysis. All samples were analyzed in less than 24 h from the moment of collection.
To evaluate this headspace sampling technique in other climacteric plant species, we adapted this method to sampling ethylene in a selection of commercial tomato varieties at the green, breaker and ripe stages of development. Plants were obtained from Semillas Fit o, S.A. In some cases, racemes were pruned 2 days before sampling to reduce developmental variability. However, we also assayed unaltered racemes to detect possible effects of pruning on ethylene measurements. Sealed, inflated headspace bags were sampled after 1 h and analyzed exactly as described for melon headspace samples.
GC-MS analysis
GC-MS analysis was performed with an Agilent 7890A gas chromatograph coupled to a 5975C mass selective detector. Using a CTC-PAL headspace sampler (Agilent Technologies, http://www.agi lent.com/), gas samples in 10 ml septum vials were incubated at 30°C with shaking for 30 sec, after which 100-500 μL was removed with a gas-tight autosampler syringe heated to the same temperature. Injection was performed on a multi-mode injector in pulsed splitless mode at 100°C with a 30-sec pulse at 25 psi. The flow rate was otherwise held constant at 1 ml min
À1
. The relative detector responses of the same method run at 0.75, 1.0 and 2.0 ml min À1 were also compared. The column used was an HP-PLOT Al 2 O 3 /KCl (Agilent Technologies), 0.25 mm i.d. 9 30 m, with a film thickness of 5 μm. The oven temperature program was as follows: 30°C for 1.5 min, then 20°C min À1 to 50°C with a 0.1-min hold time (total analysis time 2.6 min). After a solvent delay of 1.8 min to eliminate atmospheric nitrogen, the electron impact energy was set to 70 eV with the detector operating in selected ion mode. Ions at m/z 26 and 27, representing the [M-H] + and [M-2H] + ethylene fragmentation products, were monitored with a dwell time of 100 msec each at high resolution. The resolution factor, R, of ethylene and nitrogen (determined with no solvent delay) was calculated using the formula R = (t E À t N )/0.5(w N + w E ), where t and w are the retention time and peak width of ethylene (E) and nitrogen (N) in minutes.
Quantitative real-time PCR (qPCR)
Developing fruit placed in polyamide-polyethylene bags and untreated controls from climacteric (Ved, RIL124, RIL 200 and the hybrid PS 9 Ved) and non-climacteric lines (PS, RIL021A and RIL033) were used in transcript profiling experiments. RNA from one (four RILs), two (PS, hybrid, Ved in bags) or three (Ved control) biological replicates was isolated from mesocarp of ripe fruit. RNA was isolated from 100 mg of frozen sample and ground using the Spectrum Plant Total RNA kit (Sigma-Aldrich, http:// www.sigmaaldrich.com/). RNA quality was assessed as in Saladi e et al. (2015) . High-quality RNA samples were reverse transcribed into cDNA from 500 ng of total RNA with an oligo(dT)20 primer and a SuperScript TM III Reverse Transcriptase kit (Invitrogen, http://www.invitrogen.com/) according to the manufacturer's instructions.
The genes investigated, CmACS1 [1-aminocyclopropane-1-carboxylate synthase (EC 4.4.1.14), CmACS5 and CmACO1 (1-aminocyclopropane-1-carboxylate oxidase (EC1.14.17.4)], are known to be involved in the ethylene biosynthetic pathway during melon fruit ripening (Saladi e et al., 2015) . Gene expression analysis by qPCR was performed on a LightCycler â 480 Real-Time PCR System using SYBR â Green I Mix (Roche Applied Science, http:// www.roche.com/). The relative amounts of specific transcripts were determined using cyclophilin (CmCYP7) as a reference gene (Saladi e et al., 2015) and then normalized to PS expression in controls (no headspace sampling). Primers were designed with Primer3 (http://primer3.wi.mit.edu/) and checked for the presence of secondary structures with NetPrimer (http://www.premierbiosoft.c om/netprimer/). Primer sequences are listed in Table S3 . Calculation of intra-assay variation, primer efficiencies and amplification specificity of the PCR by melting curve analysis were as described previously (Saladi e et al., 2015) .
Data analysis
The LOD and LOQ for ethylene were calculated by measuring the SD of the background signal at the retention time of the analyte in blanks, or background measured before and after the elution of the analyte in standards or fruit headspace samples. All three methods gave nearly identical values. LOD was estimated as (SD/ r) 9 3, where r is the slope of the standard curve. LOQ was obtained by multiplying the same value by 10. Ethylene concentrations in fruit headspace samples were calculated from linear regression to the resulting standard curve, which typically featured an R 2 value of >0.99. Gas concentrations were combined with biometric fruit data (weight, length, width) to estimate effective headspace volumes in collection bags (minus fruit volume) and ethylene emissions on a FW basis. Effective headspace volumes (volume of bag -volume of melon) were calculated for each measurement taken as follows. Prior to fitting a melon for headspace sampling, its volume was estimated by measuring the two principal axes of the fruit and modeling it as a prolate spheroid (V = 4/3pa 2 c, where a and c are the equatorial and polar radii, respectively). The fresh weight of each melon fruit was similarly recorded prior to headspace sampling. Figure S2 . Box plots and tests for significance to evaluate the effects of headspace sampling. Figure S3 . Electron impact mass spectra of ethylene and nitrogen gas. Figure S4 . Chromatographic separation of ethylene and nitrogen gas using pulsed splitless injection and selected ion monitoring. Figure S5 . Ethylene headspace sampling in tomato. Figure S6 . Production of ethylene in single tomato fruits. Table S1 . Variation in ethylene headspace accumulation rates among individual melons. Table S2 . Test for statistically significant differences in gene expression in treated (bagged) or untreated control (non-bagged) melon fruit. Table S3 . Primer sequences used in this study.
Movie S1. Non-invasive, in situ headspace collection of attached fruit.
